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Fabrication of hierarchically porous carbon materials (HPCs) with high surface area and pore volume has 
always been pursued. However, the currently effective template methods and acid/base activation strategies 
suffer from the drawbacks of either high costs or tedious steps. Herein, HPCs with 3D macro-mesopores and 
short-range meso-micropores were fabricated via an easy and sustainable two-step method from biomass. 
Macro-mesopores were constructed by slightly accumulation/aggregation of carbon spheres ranging from 
60 nm to 80 nm, providing efficient mass diffusion pathways. Short-range mesopores and micropores with 
high electrolyte accessibility were developed in these spheres by air activation. The obtained HPCs showed 
surface area values up to 1306 mVg and high mesopore volume proportion (63.9%). They demonstrated 
excellent capacitance and low equivalent series resistance (ESR) as supercapacitor electrode materials, 
suggesting the efficient diffusion and adsorption of electrolyte ions in the designed hierarchically porous 
structure. 

Design and fabrication of nanoporous carbon materials have attracted great interest due to their practical or 
potential applications in catalysis, adsorption, drug delivery, and energy storage as well as conversion^"'*. In 
general, the diffusion and adsorption of reactants or ions in nanopores are the two main factors deter- 
mining the performance of carbon materials. Therefore, developing porous carbon materials with proper adsorp- 
tion capability and efficient diffusion path is of great significance. 

Mesoporous carbon materials with pore size between 2 nm ~ 50 nm have been attached great attention 
because mesopores offer effective transmission path for reaction substrates with moderate accessible surface 
area. Lots of extraordinary works described the synthesis of highly ordered mesoporous carbon materials via 
hard- or soft-template methods^"^. In common, hard-template methods always suffer from the drawbacks such as 
the massive use of template agents and tedious template removal processes. As for soft-template strategies, the 
experimental conditions universally need to be very precise at low carbon precursor concentration, which hinders 
the mass production^'*°. The mesopores developed by template methods are always two-dimensional and long- 
range, which results in long transportation distance. 

Hierarchically porous materials show great priority in practical applications because they combine the advan- 
tages of the pores with different sizes. Macropores (diameter >50 nm) can serve as buffering micro -reservoirs 
that minimize diffusion distances. Short-range mesopores could provide larger accessible surface area and smaller 
ion-transport resistance. Micropores (diameter <2 nm) hold the advantages of shape- selectivity and size-select- 
ivity for guest molecules. They also supply high surface area together with strong adsorption ability* \ Over the 
past years, many works have been reported to fabricate HPCs with macro-mesopores or meso-micropores*^"*^. 
For example, much effort has been spent on the fabrication of hierarchically porous carbon aerogels by Antonietti 
et al via hydrothermal carbonization (HTC) of carbohydrates*^ *^. Although the process is sustainable, the free- 
drying step is inevitable to maintain the hierarchical pores, which makes this technique time-consuming. The 
BET surface area and pore volume still have much space to improve even after activation at high temperatures. 
Some synthetic strategies of hierarchically porous Si02 were extended to the fabrication of porous carbon 
materials by using phloroglucinol or phenol/formaldehyde as carbon precursor and a soft block copolymer as 
mesopore template *^'^°. However, they can't be transplanted to the HTC of carbohydrates because the block 
copolymer micelles are typically unstable at the HTC temperature {e.g. D-Glucose, 180°C)^'^*. Very recently, Zhao 
and Qiao et al reported the synthesis of mesoporous carbon spheres ranging from 80 nm to 400 nm. After 
12 hours of heat treatment in N2 atmospheres, the HPCs with high surface area were developed^^. This method 
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still involves the massive use of soft templates and organic solvents. 
Therefore, the discovery of sustainable and easy methods for the 
production of HPCs is still in great demand. 

Herein, we reported a novel and large scale synthetic method for 
the production of HPCs with 3D macro-mesopores and short-range 
meso-micropores (Figure SI). Tiny amount of commercial avai- 
lable kayexalate (< 1% to carbohydrate) was employed as a 
structure-directing agent during the HTC of carbohydrates. The 
3D macro-mesoporous nanostructure was constructed by slightly 
accumulation/aggregation of highly dispersed, uniform carbon 
spheres with size between 60 nm and 80 nm. After activation in 
static air, rich mesopores and micropores were introduced into the 
spherical particles (Figure S2). The small size of the particles ensures 
that these mesopores and micropores are short enough to access. The 
resulting HPCs show BET surface area values as high as 1306 m^/g 
and pore volumes up to 1.1 1 cmVg. The mesopore volume can reach 
even 63.9% of the total pore volume, which was not observed for 
other activation methods^^. The materials were investigated as super- 
capacitor electrode materials. They showed high capacitance and low 
ESR, demonstrating efficient ion diffusion and effective adsorption 
of the electrolyte ions. The synthetic method is proved to be universal 
for monosaccharide, disaccharide and polysaccharide. 

Results 

Sphere accumulation/aggregation is a nice way to establish porosity. 
Small spheres have quite a few advantages over the large ones to build 
mesoporous interparticle voids. However, it is of great challenge to 
synthesize highly dispersed carbon spheres under 100 nm by bottom- 
up techniques due to the high surface energy of small particles. 
Among the reported approaches to fabricate carbon spheres, HTC 
of biomass is an ideal choice owing to the advantages of low cost and 
good sustainability^^. Nevertheless, the serious crosslinking of neigh- 
boring spheres during classical HTC of biomass typically leads to the 
production of nonporous micrometer-sized carbon spheres or clus- 
ters with only a little micropores (Figure S3)^^"^^. These large spheres 
eliminate the possibility of forming mesoporous interparticle voids. 
As far as we are concerned, there is few reports involving the fabrica- 
tion of uniform and monodispersed carbon spheres under 100 nm by 
HTC of biomass ^^'^^'^l Here we fabricated uniform carbon spheres 
with an average size of 70 nm by using commercial kayexalate as the 
structure- directing agent during the HTC of carbohydrates. We take 
fructose and glucose as the model substrates first because they are the 
basic sugar building blocks of biomasses. From a macroscopic view, 
free-standing carbon monoliths instead of powder were achieved 
(Figure 1). SEM images demonstrate that the kayexalate- assisted 
HTC (KAHTC) materials are constructed by dispersed and uniform 
carbon spheres ranging from 60 nm to 80 nm (Figure 1, Figure S4). 
The accumulation/aggregation of spheres helps to build the frame- 
work of the 3D macro-mesoporous carbon architecture. 

In order to investigate the effect of kayexalate on KAHTC pro- 
ducts, kayexalate ratios from 0.1 wt% to 2 wt% of saccharide were 
employed in condition experiments. SEM images show that 0.1 wt% 
additive is enough to completely alter the morphology of HTC pro- 
ducts. When the weight ratio is less than 0.2 wt%, the KAHTC 
materials are comprised of carbon clusters which are formed by 
interconnected spherical nanoparticles. When the amount goes to 
0.5 wt% or more, dispersed, uniform spherical particles dominate the 
product (Figure 2). Further increase of kayexalate to 2 wt% leads to 
formation of syrupy suspension instead of carbon monolith. It illus- 
trates that kayexalate suppresses the crosslinking of carbon particles. 
N2 sorption isotherms reveal that both Fru-40-160 and Glu-40-180 
exhibit an intermediate shape between type II and IV according to 
the lUPAC classification with a small hysteresis loop from P/Po=0.9 
to 1.0, demonstrating the presence of interparticle voids^^'^°. The 
voids are in the range of 4-200 nm according to the DFT pore size 
distribution (Figure S5). The BET surface area of KAHTC products is 



higher than that of classical HTC ones (< 1.0 m^/g) and rises with 
the increase of kayexalate amount to approximate 80 m^/g (Entries 
1-5, 11-13, Table 1). It is interesting to note that the introduction of 
kayexalate does little effect on the HTC yield (Table SI). That is, 
kayexalate helps to reduce the sphere size without the loss of output. 
Dispersed and uniform spheres are attained even at the saccharide 
concentration of 240 g/L (Figure S6). 

KOH activation at around 600°C is most frequently applied to 
import porous structure into the classical HTC materials. Apart from 
the drawback of massive use of KOH (generally KOH: carbon = 4), 
the developed structure is almost totally composed of micropores, 
which is bad for mass transfer^^'^^. The carbonization degree is always 
too low for electrochemical applications. Heat-treatment under N2 
or Ar atmospheres at 900°C is commonly applied to carbonize HTC 
materials however with negligible mesopores. We proposed here the 
new activation process in static air at 900°C. Air was reported to 
adjust the surface functional groups of HTC materials^^ or activate 
carbonaceous materials under low temperatures with long reaction 
time^^, while no examples of activation process by air were presented 
at such high temperature, which may due to the complete decom- 
position of the carbonaceous material. According to our experi- 
mental data, the activation yield in static air at 900°C is around 
23%, comparable to that by KOH activation at 600°C (27%) 
(Table S2). In fact, no residue was left by KOH activation at 900°C 
according to our experiment. Different from the KOH activated 
product and HTC materials carbonized under inert gas protection, 
the HPCs produced by air activation show rich mesopores through- 
out nanoscale spheres (Figure 3) and good carbonization is attained 
at the same time. The minor diameter not only enhances the porosity 
(mesopores only appear on the surface of carbon spheres with large 
size. Figure S7) but also ensures that the developed mesopores are 
short enough to reach. N2 sorption isotherms strongly support the 
TEM results. Steep uptakes at low P/Pq and clear hysteresis loop 
suggest the coexistence of micropores and mesopores in the obtained 
HPCs, which is consistent with the DFT pore size distribution 
(Figure S5)^^ In contrast, both carbons activated by KOH and N2 
show overlapping adsorption -desorption curves, demonstrating the 
absence of mesopores (Figure S8). The surface area of Fru-40-900 is 
as large as 1306 m^/g and the pore volume reaches 1.01 cmVg (Entry 
8, Table 1), considerably higher than those previously reported 
values for hydrothermal carbons or carbogels^^'^^'^^ KOH activated 
Fru-40-160, and carbonized Fru-40-160 in N2 atmosphere (Entry 18, 
19, Table 1). The HPCs prepared using other amounts of kayexalate 
also possess surface areas above 1159 mVg and pore volumes over 
0.91 cm^/g with large mesopore volume proportions (Entries 6-9, 14, 
15, Table 1). For Glu-40-900, Vmacro-meso/Vmicro can reach as high as 
1.77, which is a compelling goal to achieve for HTC-based carbons. 
When the amount of KAHTC material is increased in the activation 
process, the surface area and mesopore pore volume of as-obtained 
HPCs are still high although the mesopore proportion decreases a 
little due to the insufficient activation of the KAHTC material at the 
bottom (Entry 10, Table 1). After the activation step, the 3D macro- 
mesoporous nano -networks were perfectly reserved (Figure S9). 

Elemental analysis shows that there is ~ 17wt% of oxygen atoms in 
final HPCs (Table S3). Abundant oxygenated functional groups are 
reserved, indicating that the loss of functionalization is well sup- 
pressed during the activation process. XRD analysis in Figure SlOa 
shows only one broad peak for Fru-40-160 and Glu-40-180 around 
22° attributed to 002 reflection of hexagonal graphite. After calcina- 
tion, the peak shifts towards 23.6° implying a decrease in the inter- 
layer spacing^^. A peak centered at 43° emerges which is the 
equivalent of 100 reflection, exemplifying better graphitization^^'^^. 
These results manifest that the activation process results in carbon- 
ization together with rich meso-micropores at the same time. No 
observed signals for S or Na appear in X-ray photoelectron spectro- 
scopy (XPS), which indicates that little S or Na residues is in the 
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Figure 1 | Illustration of KAHTC process compared to classical HTC of fructose. 



carbon architecture (Figure SI Ob). High resolution XPS demon- 
strates that the carbon atoms in Fru-40-900 exist mainly in the form 
of C-C/C=C and CHx (284.6 eV)''. The others bind with oxygen 
atoms as -C-O (285.7 eV) and >C=0 (287.3 eV) (Figure SlOc)'^ 
The O envelope demonstrates that the oxygen are mainly in the form 
of quinone, esters, anhydrides and phenol (Figure SIO, d,e)^°. Raman 
spectra in Figure SI 1 show two overlapping bands at 1360 cm"^ and 
1600 cm"^ for both Fru-40-900 and Glu-40-900. The G band at 
1600 cm"^ indicates the presence of C sp2 atoms in aromatic and 
olefmic molecules^\ The D band centered at 1360 cm"^ is assigned to 
the ring-breathing vibrations in benzene or condensed benzene ring 
in amorphous HPCs^^. 

The HPCs were taken as supercapacitor materials to probe into 
their capacitive performance and diffusion efficiency. They show 
good electronic conductivity and we didn't add any other conductive 
additives (e.g. acetylene black) in the working electrode (Table S4). 
The performance of Fru-40-900 was set as an example and evaluated 
by CV as well as galvanostatic charge- discharge measurements in 6M 
KOH. The CV curves show quasi-rectangular shape at scanning rate 
from 20 mv/s to 500 mv/s, demonstrating a typical characteristic of 
double-layer capacitance (Figure 4a). The galvanostatic charge/dis- 
charge curves reveal almost symmetrical triangle without obvious 
voltage drop (IR) related to the internal resistance during the chan- 
ging of polarity (Figure 4b), suggesting the fast transmission of ions 
in the hierarchically porous structure. The specific capacitance was 
calculated from the discharge curves with values of 170 F/g at current 
density of 0. 1 A/g and the capacity decays little from 0. 1 A/g to 1 A/g 




Figure 2 | SEM images of Fru-8-160 (a), Fru-16-160 (b), Fru-40-160 (c) 
and Fru-80-160 (d); Kayexalate: Fructose= 0.1%, 0.2%, 0.5%, 1.0% by 
weight. 



(>160 F/g). Capacitance of 140 F/g is maintained at the current 
density of 10 A/g (Figure S12), which manifests that Fru-40-900 
has excellent electrolyte accessibility attributed to less microporos- 
ity^^. The capacitance is comparable to nitrogen-doped HTC carbons 
with BET surface area above 2000 m^/g, suggesting the more efficient 
use of adsorption sites^l EIS test was also carried out to understand 
the capacitive behavior of Fru-40-900 over the frequency range of 
100 kHz to 0.1 Hz. The sufficient ion diffusion is confirmed by the 
nyquist plot (Figure 4c). The low- frequency segment is nearly per- 
pendicular, indicating a nearly ideal capacitive behavior. The nyquist 
plot shows a short Warburg-type line, which is another evidence of 
the fast ion transfer in Fru-40-900. The ESR is estimated to be 0.08 Q 
by the diameter of the semicircle at the real axis, indicating superior 
conductivity. The efficient ion transfer results from the specific por- 
ous structure. The electrolyte ions are stored in the macro -mesopores 
constructed by the accumulation/aggregation of nanospheres before 
charging. They can directly move into the short meso- micropores in 
the spheres when charging without the diffusion steps from the bulk 
solution (Scheme SI). Figure 4d reveals the cycling stability at a 
constant current density of 10 A/g. The Fru-40-900 sample displays 
a 12.8% decrease of capacitance after 10000 cycles, which is attrib- 
uted to the pesudocapacitance arising from the oxygenated func- 
tional groups. 

In the view of economy, disaccharide and polysaccharide are more 
competitive to commercialize. Therefore, we also investigate the 
kaxeyalate-assisted HTC course of sucrose and a-cellulose. 
Considering that cellulose is difficult to hydrolyze, the HTC temper- 
ature was lifted to 230 °C and the reaction time was extended to 
24 h^^. After activation, the morphologies are similar to the carbon 
networks fabricated by monosaccharide (fructose or glucose). 
Surface areas larger than 1100 mVg and pore volumes over 
0.79 cmVg were obtained for both Cel-40-900 and Suc-40-900 
(Entries 16, 17, Table 1). Slightly different from others, the nano- 
spheres in Cel-40-900 are not that uniform however the sphere size is 
still much smaller than 200 nm (Figure SI 3). The above information 
demonstrates that the KAHTC and air activation methods are uni- 
versal for the production of HPCs from carbohydrates. 

Discussion 

It is important to understand the formation mechanism of the small 
spherical particles during the KAHTC process. We tried to get some 
inspiration from the zeta potentials of the intermediate products. It 
has long been recognized that zeta (Q potential is a good index of the 
magnitude of the repulsive interaction between colloidal particles 
and it is commonly used to access the stability of colloidal and par- 
ticle size^^. Four KAHTC processes with 0, 16, 80, 160 mg of kayex- 
alate and 8 g of fructose were conducted at 160°C for 2 hours. The 
obtained colloids were used for ^ potential tests and the results were 
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[a] Specific surface area from BET method, [b] BJH pore size [c] 3 g of Fru-40-1 60 was activated in a 1 00 ml crucible. 



summarized in Figure 5a. For accuracy, every ^ potential test was 
repeated for six times. The average ^ potentials are -29.2, -37.5, -39.6, 
-44.2 mV, respectively. The difference suggests that the surface of 
carbon nanospheres become more negatively charged with the addi- 
tion of kayexalate. The negatively charged nanoparticles would repel 
each other and protect them from crosslinking (Figure 5b). The size 
distributions of the colloidal particles according to DLS tests were 
summarized in Figure SI 4b. The sample without kayexalate shows a 
broad size distribution from hundred nanometers to several micro- 
meters while the nanoparticles of the KAHTC products prove to be 
much more uniform with an average size of 160 nm. It is larger than 
the size of carbon spheres measured from SEM and TEM. This 
difference implies that there is a negatively charged layer on the 
carbon particle surface. In this system, the layer is surely composed 
of polystyrene sulfonate anion. Figure SI 4a reveals the size distri- 
bution of kayexalate micelles. The micelles vary from less than 10 
nanometers to several micrometers, which are absolutely different 
from the size of the carbon particles. Furthermore, the micelles are 
always not stable at high temperatures^. Therefore, the possibility of 
kayexalate acting as a soft template is excluded. IR spectra reveal the 
same surface features of Fru-160 and Fru-40-160 (Figure S15), 




Figure 3 | TEM image of Fru-40-160 and GIu-40-180 before (a,c) and 
after (b, d) air activation. 



implying the similar polymerization process during which sacchar- 
ides dehydrated to HMF followed by the nucleation and growing 
course^^'^^. Thus, we deem that the KAHTC process undergoes 
mainly two procedures: nucleation of dehydrated saccharides and 
adsorption of kayexalate on carbon spheres (Figure 5b). 

The mesopores and micropores introduced during the activation 
step can be explained by the reaction between carbon atoms and air. 
TG-MS results show that the weight loss is slow and there is only CO2 
produced in Ar atmosphere due to the reaction between carbon and 
oxygen atoms in the KAHTC material matrix. While in air, KAHTC 
material reacts with air very fast and produces CO2 and CO at the 
same time. The carbon completely decomposes before 500°C (Figure 
SI 6). The reaction between carbon atoms and air would give rise to 
the formation of micropores and micropore collapse, resulting in 
high mesopore ratio. In contrast to the flowing air used in TG-MS 
analysis, the static and limited air condition applied for the practical 
activation process prevents the KAHTC material from complete 
decomposition and thus leads to high carbon yield. 

In summary, we designed and fabricated a series of hierarchically 
porous carbon materials via a facile, improved HTC method followed 
by air activation. The HPCs consisted of two parts: the outer 3D 
macro-mesopores serve as buffering reservoirs minimizing diffusion 
distance and the inner short-range meso-micropores supply adsorption 
sites and efficient transport pathways. The high capacitance and low 
ESR as supercapacitor electrode material verify the effective adsorption 
and fast transmission of electrolyte ions in the hierarchically porous 
structure. The method is proved to be general for carbohydrates includ- 
ing monosaccharides, disaccharide, and polysaccharide. 

Methods 

Materials. D-( + )-fmctose, D-( + )-glucose, sucrose and a-cellulose were purchased 
from Aladdin industrial corporation. Kayexalate was purchased from Sigma- Aldrich. 
All other chemicals were of analytical purity if not otherwise noted. 

Materials synthesis. In a typical synthetic process, 8 g of D-fructose (D-glucose, 
sucrose) and desired amount of kayexalate were dissolved in 50 mL of water. Then the 
solutions were transferred into a Teflon-lined autoclave and sealed. The autoclave was 
put into a temperature-programming oven and heated to 160°C (180°C for glucose 
and sucrose) and maintained for 8 hours. Dark-brown monoliths were obtained and 
then they were washed several times with water and ethanol. After filtration, the 
materials were dried under 80°C in the air. These materials were named Fru-x-y, Glu- 
x-y and Suc-x-y (x stands for the amount of kayexalate in milligrams, y was the 
reaction temperature). The samples without addition of kayexalate were named Fru- 
160 and Glu-180, respectively. In the case of cellulose, 4 g of cellulose was applied. 
The HTC temperature and time were extended to 230°C and 24 hours, respectively. 
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Figure 4 | Cyclic voltammograms (a), galvanostatic charge/discharge curves measured at various current densities (b), nyquist plot of electrochemical 
impedance (c) and variations of the specific capacitance versus cycle number (at the current density of 10 A/g) (d) of Fru-40-900 in 6 M KOH. 



In a typical activation process, 1 g of the obtained KAHTC materials were put into 
a crucible with a lid and calcined at 900° C for 1 h in a Nabertherm L3/ 1 1 muffle oven. 
The oven is connected to the external environment, which ensures that the furnace is 
full of air. The obtained HPCs were denoted as Fru-x-900, Glu-x-900, Suc-x-900 and 
Cel-x-900 (x is the amount of kayexalate in milligrams, 900 represents the activation 
temperature). For comparison, the Fru-40-160 was also activated by KOH and car- 
bonized in N2. During KOH activation, 1 g of Fru-40- 160 was mixed with 4 g of KOH 
and heated at 600° C in N2 for 1 hour, respectively. After calcination, the obtained ma- 
terials were washed with 2 M HCl, dried at 80°C in the air, and named Fru-40-KOH. 
During N2 activation, 1 g of Fru-40-160 was transfer into a crucible with a lid and heated 
at 900° C under the protection of N2 (400 mL/min). The resulting carbon material was 
named Fru-40-900 N. 

Characterization. Scanning electron microscope (SEM, LEO 1550) was applied to 
characterize the morphology of the carbon materials. Transmission electron microscope 



(TEM) images were obtained from a Hitachi H7700 transmission electron microscope 
with CCD imaging system on an acceleration voltage of 100 kV. N2 adsorption analysis 
was performed at 77 K using a Micromeritics ASAP 2020 to access the surface area and 
pore distribution. All the samples were outgassed at 200° C for 12 h. Then adsorption- 
desorption processes were conducted between the relative pressure (P/Pq) range of 
10"*^- 1. The specific surface area was calculated by the conventional Brunauere-Emmette- 
TeUer (BET) method. The pore size distribution (PSD) plot was recorded by the DFT 
model. The micropore volume (Vmicro) was estimated by using the t-plot method. The 
diffraction data were collected at room temperature with 2 0 scan range between 5° and 
90° using a wide-angle X-ray diffraction (Model D/tex- Ultima TV, 1.6 kV, Rig-aku, 
Japan) equipped with Cu Ka radiation (1.54 A). The X-ray photoelectron spectra (XPS) 
information was accessed by a ESCALAB_250Xi instrument using a magnesium anode 
(Mg 1253.6 eV) X-ray source. The zeta potential tests were carried out at Malvern 
ZEN3600 instrument. The TG-MS was carried out at Ar and air (Ar replacing N2) by a 
ramping temperature of 10°C/min. 




• = Saccharides 



+HC-CH2-l^7 
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Figure 5 | Zeta potentials of the colloidal particles prepared by HTC processes with different amount of kayexalate (a) and proposed mechanism for the 
KAHTC process (b). 
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